• IL-12Rb1-deficient subjects displayed substantially less circulating memory Tfh and memory B cells than control subjects.
Introduction
T follicular helper (Tfh) cells are essential for the generation of highaffinity memory B cells through the germinal center (GC) reaction. [1] [2] [3] Tfh cells express the chemokine (C-X-C) receptor 5 (CXCR5), [4] [5] [6] [7] which guides their migration into B-cell follicles. Inducible costimulator (ICOS), expressed at high density by Tfh cells in human tonsils, 7 plays a critical role for their development [8] [9] [10] and function. 11, 12 Tfh cells support the differentiation and survival of GC B cells 13, 14 through the secretion of interleukin (IL)-21. 15, 16 Tonsillar Tfh cells express the transcription repressor B-cell lymphoma 6 (Bcl-6) at higher levels than any other CD4 1 T-cell subsets. 7, [16] [17] [18] Mouse studies indicate that Bcl-6 is critical for Tfh cell generation in vivo, whereas Blimp-1, the transcription repressor that suppresses Bcl-6 function, inhibits their generation. [19] [20] [21] In addition to GC response, CD4
1 T cells also provide help to B cells at extrafollicular sites and induce their differentiation into plasma cells that contribute to the early generation of specific antibodies after antigen challenge. 22 Extrafollicular helper cells appear to share the developmental mechanisms, phenotypes, and functional properties with Tfh cells. 16, [23] [24] [25] In mice, signal transducer and activator of transcription 3 (STAT3) signaling delivered by cytokines such as IL-6 and IL-21 contributes to the development of Tfh lineage cells.
1 Also in humans, IL-6 and IL-21 can induce in vitro human naïve CD4 1 T cells to express IL-21. 18 ,26 IL-23, another STAT3-activating cytokine, also induces in vitro human CD4
1 T cells to express some IL-
21
. 18, 26 Human STAT3-deficient subjects (Hyper IgE syndrome) display altered Tfh responses, which provides evidence that STAT3 signaling contributes to the generation of Tfh cells also in humans. 27 In vitro studies with human cells suggested a role of the IL-12-STAT4 pathway in the commitment of naïve CD4 1 T cells into the Tfh lineage. IL-12 induces human naïve CD4 1 T cells to express IL-21 more potently than IL-6 and IL-21. 18, 26 The IL-12-STAT4 pathway also contributes to the expression of Tfh-associated molecules in mouse CD4
1 T cells, 28, 29 although this effect appears to be short lived. 28 Thus, both STAT3 and STAT4 signaling appears to be involved in the generation of Tfh cells in mice and humans. However, the contribution of each pathway and/or each cytokine might be different between the two species. In particular, whether the IL-12-STAT4 axis contributes to in vivo Tfh and GC responses in humans remains to be addressed.
IL-12 and IL-23 require a common receptor molecule, IL-12Rb1, for high-affinity binding. 30 IL-12Rb1 deficiency is the most common genetic etiology of Mendelian susceptibility to mycobacterial disease, such as dissemination of Bacille CalmetteGuérin (BCG) after vaccination, as .100 cases with various IL12RB1 gene mutations have been identified. 31, 32 T cells from these subjects do not express functional IL-12Rb1, and accordingly, completely lack the capacity to respond to IL-12 and IL-23. 31 ,32 IL12Rb1-deficient subjects display impaired generation of interferon (IFN)-g and IL-17-producing T cells and are susceptible to weakly pathogenic mycobacteria (including BCG), Salmonella, and Candida. 31, 33 Herein we determined the significance of IL-12Rb1-mediated signaling in human Tfh and GC response in vivo by analyzing blood and lymph node (LN) samples from subjects lacking IL-12Rb1. We show that IL-12Rb1-deficient subjects displayed substantially less circulating memory Tfh and memory B cells than control subjects. GC formation in LNs was also impaired in IL-12Rb1-deficient subjects. Furthermore, the avidity of tetanus toxoid (TT)-specific serum antibodies was substantially lower in these subjects than in age-matched controls. We also provide evidence that the IL-12-STAT4 axis is associated with the development and function of Tfh cells in vivo in humans.
Materials and methods

Clinical samples
Blood samples were obtained from IL-12Rb1-deficient and healthy control subjects. Serum samples were stored at 220°C. Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation on a gradient (Ficoll-Paque; Stemcell), frozen, and stored in liquid nitrogen. LN samples were obtained from IL-12Rb1-deficient children for diagnostic purposes of lymphadenopathy after BCG vaccinations. Pathological examinations showed the presence of bacilli, confirming the BCG infection. Obtained LNs were embedded in paraffin. The size of obtained LNs was ;2 to 3 cm in diameter for each LN. The study was approved by the Institutional Review Boards of Baylor Health Care System and Necker Medical School, University Paris. Informed consent was obtained from subjects, parents, or legal guardians in accordance with the Declaration of Helsinki.
Flow cytometry
For surface staining, cells were incubated with the indicated antibodies and LIVE/DEAD fixable Aqua (Invitrogen) for 20 minutes at room temperature in phosphate-buffered saline. For the analysis of intracytoplasmic IL-21 expression, cultured CD4 1 T cells were stimulated with phorbol 12-myristate 13-acetate (PMA; 25 ng/mL) and ionomycin (1 mg/mL) for 6 hours in the presence of GolgiStop (BD Biosciences) and Brefeldin (eBioscience) for the last 4 hours before staining. These reagents included the following: CXCR5 (1G10), CD3 (UCHT1), CD8 (SK1), CD4 (RPA-T4), IgD (IA6-2), CD27 (M-T271), CD212 (2.4E6), IL-21 (3A3-N2) monoclonal antibodies (mAbs), and streptavidin were from BD. CD8 (RPA-T8), HLA-DR (L243), CD20 (2H7), CD56 (HCD56), and IFN-g (4S.B3) mAbs were from Biolegend. CD45RA (2H4) and CD19 (J3-119) mAbs were from Beckman Coulter. CD45 (HI30) mAbs were from Invitrogen. ICOS (ISA-3) mAb was purchased from eBioscience. CCR7 (150503) was from R&D systems. Bcl-6 expression was determined using anti-Bcl6 mAb from BD (K112-91) according to manufacturer's recommendations. Cells were acquired on a BD LSRII. Expression of each molecule was assessed with FlowJo software (TreeStar).
Cytokine secretion
Frozen/thawed PBMCs (2.5 3 10 5 cells/well) were cultured in RPMI 1640 complete medium containing 10% fetal calf serum in the presence of Staphylococcal enterotoxin B (SEB) (0.1 mg/mL; Toxin Technology) in 96 round-bottom plates. Anti-IL-12p70 (20C2; Pierce) blocking mAb or IL-12 (10 ng/mL; R&D Systems) was added as indicated in some experiments. Supernatants were harvested after 48-hour culture, and cytokine levels were assessed by Luminex technology.
Immunohistochemistry
Immunohistochemistry was performed on paraffin sections (1 mm thick). Antibodies against CD4 (4B12, RTU), Bcl-6 (PG-B6p, RTU), CD20 (L26, 1:300), CD3 (rabbit polyclonal, 1:200), and CD138 (MI15, RTU) were purchased from Dako. CD57 antibody (NK-1, 1:50 dilution) and IgM, IgG, and IgA antibodies (rabbit polyclonal) were from Cell Marque. Activationinduced cytidine deaminase (AID) antibody (rat mAb, EK2 5G9, 1:200) was from Cell Signaling. Biotin goat anti-rat IgG was from Jackson ImmunoResearch. The iVIEW DAB detection kit (Ventana) was used as a detection system. Slides images were acquired using a Nikon DXM1200C digital camera and an Olympus BX60 microscope with Plan 43/0.13, 103/ 0.30, 203/0.50, 403/0.75, and 1003/1.40 oil objectives.
Immunofluorescence
Six-micrometer frozen sections from tonsils fixed with cold acetone were labeled with 4 mg/mL of phosphorylated (p)-STAT4 (E-2; Santa Cruz) mAb, followed by anti-mouse IgG conjugated to A568. Sections were then stained with biotin-conjugated CD4 mAb (RPA-T4; Biolegend), followed by AF488 streptavidin. Finally, sections were counterstained for 2 minutes with 3 mM of the nuclear stain 4,6 diamidino-2-phenylindole (DAPI). To confirm specificity of p-STAT4 staining, anti-pSTAT4 antibody was preincubated with blocking peptide (200 mg/mL) for 30 minutes at room temperature. Slides were mounted with Fluoromount-G (Southern Biotech) and observed using Metamorph software version 6.2 (Universal Imaging Corporation), a Roper coolsnap HQ camera, and an Olympus BCXCR51 microscope with a Plan103/0.40 objective. Slides were also observed under a Leica SP5 confocal microscope with 203/0.7, 403/1.25, and 633/ 1.4 Planapo objectives.
Enzyme-linked immunosorbent assay
Serum specific IgG titers and their avidities were determined using specific IgG enzyme-linked immunosorbent assay kits (IBL) according to the manufacturer's protocol. For the measurement of avidities, the serum samples were incubated for 1 hour at room temperature in the enzymelinked immunosorbent assay plates coated with the appropriate antigens. Then plates were washed 3 times with the provided wash buffer with or without 8 M urea, followed by 3 washes with the wash buffer. The avidity index was determined as the ratio of absorbance after incubation with urea to absorbance after incubation without urea and was expressed as a percentage.
Isolation of CD4
1 T cells ) from an IL-12Rb1 patient and 2 healthy controls were sorted on a FACS ARIA (BD). Cell purity was .99%.
Culture of CD4
1 T cells
After overnight stimulation with CD3/CD28 Dynabeads (Invitrogen), cells were cultured in flat-bottomed 96-well plates coated with CD3 mAb (5 mg/mL, OKT3) and supplemented with soluble CD28 mAb (1 mg/mL, CD28.2) and the indicated cytokines (10 ng/mL each) or the supernatant of dendritic cells stimulated with CD40L-transfected L cells.
Nanostring
Naïve CD4 1 T cells cultured for 48 hours with the indicated cytokines were lysed in RLT buffer. Total RNA was purified using the RNeasy Micro Kit (Qiagen). The NanoString reactions were performed according to the manufacturer's instructions. The data were normalized to housekeeping genes included in the code set.
Tonsillar cells
Tonsil samples were obtained from healthy subjects undergoing tonsillectomies, and single cells were collected by mechanical disruption. B cells were positively selected with CD19 MACS Microbeads (Miltenyi Biotech), and GC B cells were sorted as CD3 2 CD20 4 each/well) were cultured in 96-well round-bottom plates in the presence of 1 mg/mL SEB. Recombinant IL-12 (0.05 or 0.5 ng/mL), IL-23 (10 ng/mL), IFNa2b (500 IU/mL), IFN-b (10 ng/mL), or IFN-v (10 ng/mL) was added as indicated.
Statistics
The unpaired Student t test or nonparametric test was used. The paired Student t test was used in the analysis of IL-21 secretion by SEB-stimulated PBMCs in the presence or absence of IL-12 supplementation or IL-12 blocking mAbs. A Student t test with a 0.05 level of significance was used to determine whether parameter estimates were statistically significant. The analysis of the expression of transcription factors (TFs) by Nanostring showed that IL-12 and IL-23 were the most efficient at inducing the expression of Bcl-6 transcript ( Figure 1D ). Induction of Bcl-6 by IL-12 and IL-23 was confirmed at a protein level by flow cytometry ( Figure 1E ). In contrast, neither IL-12 nor IL-23 strongly promoted the expression of Blimp-1 (encoded by PRDM1; Figure 1D ). IL-12 and IL-23 were also found to promote the expression of Batf, a TF essential for optimal Tfh cell generation. 34 The expression of c-MAF, another TF that contributes to 1 T cells. 9 We analyzed the frequency of CXCR5 1
CD4
1 T cells in PBMC samples obtained from IL-12Rb1-deficient subjects (n 5 22; age, 1-35 years) and healthy controls (n 5 68; age, 2-35 years; supplemental Table 1 on the Blood Web site). In contrast to a recent study that observed no differences in the frequency of CXCR5 1 CD4 1 T cells in blood, 27 we found that IL-12Rb1-deficient subjects displayed a lower frequency of CXCR5
1 cells within total CD4 1 T cells than did control subjects ( Figure 2F ). Taken together, these data suggest that IL-12Rb1-mediated signaling contributes to the generation and/or maintenance of Tfh responses. Decreased CXCR5 expression on memory CD4
1 T cells was more apparent in IL-12Rb1-deficient children, suggesting that this signaling is particularly important for Tfh responses during an early stage of life.
IL-12Rb1-deficient subjects display less memory B cells in blood IL-12Rb1-deficient subjects are not prone to B cell-deficientassociated infections. 31 However, IL-12Rb1-deficient subjects displayed a significantly higher proportion of IgD GC formation is altered in LNs of IL-12Rb1-deficient subjects
As GCs are essential for the generation of memory B cells, we next determined whether GCs were present in inflammatory peripheral LNs obtained from 3 IL-12Rb1-deficient children (called subjects 1-3). The LN samples were obtained from the IL-12Rb1-deficient The 3 subjects presented different alterations of the lymphoid structures. Lymphoid aggregates were present in LNs from subjects 1 and 2 ( Figure 4A ; low-magnification images are shown in supplemental Figure 1) . In LNs from subject 3, lymphoid aggregates were absent, which was likely associated with intensive inflammation (supplemental Figure 1) . Lymphoid aggregates in the LNs from subjects 1 and 2 contained CD20 1 B cells ( Figure 4B) and some CD4 1 T cells (Figure 4C-D; higher-magnification images are shown in supplemental Figure 2 ) and therefore displayed a characteristic of secondary follicles. Distinct from normal tonsillar GCs, however, no cells in the B-cell follicles from subject 1 expressed CD57 ( Figure 4E ). B cells in aggregates from subject 1 did not express detectable levels of AID, an enzyme essential for class switching and somatic hypermutation ( Figure 4G, top) . 39 No Bcl-6 hi cells were found in any secondary follicles in the LNs from subject 1 (Figure 4F, top) , which further confirms the immaturity of GCs. In subject 2, some CD57 1 cells were found in the T-B cell aggregates ( Figure 4E ). Furthermore, these T-B cell aggregates contained Bcl-6 hi cells ( Figure 4F ) expressing detectable levels of AID ( Figure 4G ). However, the number of CD57 1 cells per T-B cell aggregates was significantly lower than that in tonsillar GCs with a similar size ( Figure 4H ), indicating that the magnitude of GC response was substantially diminished in the LNs from subject 2. Moreover, distinct from normal GCs, the lymphoid mantle surrounding Bcl-6 hi cell aggregates did not express CD20 and thus was not composed of B cells ( Figure 4B ). This suggests that the formation process of T-B cell aggregates was altered. Collectively, T-B cell aggregates were observed in LNs from two IL-12Rb1-deficient subjects, but GC response was absent or diminished. This was unlikely because of overwhelming BCG accumulation at the sites and because no bacilli were found around the T-B cell aggregates (supplemental Figure 3) .
IL-12Rb1-deficient subjects display TT-specific antibodies with lower avidities
Given the alterations in Tfh and GC responses and in the generation of memory B cells, we hypothesized that IL-12Rb1-deficient subjects might display lower serum Ig levels. Thus, serum IgM, IgG, and IgA levels were measured in 25 IL-12Rb1-deficient subjects (age: 1-33 years old) and 38 age-matched controls (age: 2-35 years old). IL-12Rb1-deficient subjects displayed higher serum IgM and IgG levels than healthy subjects ( Figure 5A ). In particular, serum IgG levels were higher across all ages ( Figure 5B ). This shows that class-switched plasma cells can be generated in IL-12Rb1-deficient subjects. Indeed, CD138-expressing cells with typical plasma cell morphology were abundantly found in all three LNs, including LNs that lacked T-B cell aggregates (subject 3; Figure 5C -D). Both in subjects 1 and 2, CD138 1 plasma cells were found exclusively outside T-B cell aggregates ( Figure 5C ). Consistently, Ig-expressing B cells were present in the three LNs, but were almost absent (in subject 1) or very few (in subject 2) within the T-B cell aggregates (supplemental Figure 4) . These observations suggest that plasma cells might develop in IL-12Rb1-deficient subjects mainly via extrafollicular mechanisms and/or T cell-independent mechanisms and that the contribution of the GC response might be limited. Whichever case it is, one might expect antibodies to be low avidity. Thus, we analyzed the titer and avidity of serum antibodies specific for TT in IL-12Rb1-deficient subjects. The avidity was analyzed by comparing the amount of antibodies that bound to TT-coated plates with and without treatment with urea, a treatment that that disrupts the low-avidity antigen-antibody complex. 40, 41 The IL-12Rb1--deficient subjects showed TT-specific serum IgG levels comparable to those of age-matched control subjects ( Figure 5E, left) . However, their avidities were substantially lower ( Figure 5E, right) .
To address whether the generation of high avidity IgG is globally impaired in IL-12Rb1-deficient subjects, we next analyzed For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From the serum IgG titers and their avidities against rubella virus. IL-12Rb1-deficient subjects displayed higher serum rubella-specific IgG levels than controls ( Figure 5F , left). Furthermore, in contrast to TT-specific IgG, there was no difference in the avidities of specific IgG against rubella virus between IL-12Rb1-deficient subjects and healthy subjects ( Figure 5F , right). Furthermore, serum IgG titers For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From against other viruses, including Epstein-Barr virus, cytomegalovirus, and varicella virus, were either normal or elevated in IL12Rb1-deficient subjects compared with those in healthy subjects ( Figure 5G) . Thus, generation of virus-specific antibody responses appears to be largely normal in IL-12Rb1-deficient subjects. This is consistent with the observations that IL-12Rb1-deficient subjects do not show susceptibility to viruses. 31 Collectively, the selection process of high-affinity B cells against TT was altered in IL-12Rb1-deficient subjects. In contrast, antibody responses against viruses were largely normal. For Table 1 ) did not express IL-21 following stimulation with CD3/CD28 mAbs-even in the presence of IL-12 or a proinflammatory cytokine-rich supernatant of CD40 ligand-stimulated dendritic cell (which included 23 ng/mL IL-6; Figure 6A ). Next, to analyze IL-21 production by blood CD4 1 T cells,
PBMCs from IL-12Rb1-deficient subjects were stimulated for 48 For personal use only. on April 13, 2017. by guest www.bloodjournal.org From hours with the superantigen SEB. 26 As shown in Figure 6B , PBMCs from IL-12Rb1-deficient subjects secreted much less IL-21 than PBMCs from healthy aged-matched controls (IL-12Rb1 deficiency, 0.034 6 0.01 ng/mL [mean 6 standard deviation], n 5 17 vs control, 0.35 6 0.04 ng/mL, n 5 65). The amounts of IL-6 in the supernatants of IL-12Rb1-deficient cells (2.0 6 2.9 ng/mL [mean 6 standard deviation) did not correlate with the amounts of IL-21 ( Figure 6C ). This suggests that IL-6 contributed little to the secretion of IL-21 by IL-12Rb1-deficient cells. As previously described, 31, 33 the secretion of IFN-g and IL-17A was also lower in IL-12Rb1-deficient subjects ( Figure 6B ). In contrast, IL-2 and type 2 cytokines (including IL-5 and IL-13) were secreted at equivalent levels in the 2 groups.
We hypothesized that impaired IL-21 secretion by IL-12Rb1->deficient cells was, at least partially, due to their inability to respond to IL-12 secreted by antigen-presenting cells. As shown in Figure 6D , IL-21 secretion by SEB-stimulated normal PBMCs decreased in the presence of IL-12 neutralizing mAb and increased in response to exogeneous IL-12. However, neither blocking nor addition of IL-12 modified IL-21 secretion in SEB-stimulated PBMCs from IL-12Rb1-deficient subjects.
Thus, IL-21 secretion by CD4 1 T cells from IL-12Rb1-deficient subjects was impaired at least partly because of the inability to respond to IL-12. The contribution of IL-6 in the secretion of IL-21 by IL-12Rb1-deficient CD4 1 T cells was minimal.
Tfh cells in normal tonsils display phosphorylated STAT4
The results in Figures 1 and 6D show that IL-12 is important for naïve and memory 
Discussion
Our present study provides in vivo evidence that IL-12Rb1-mediated signaling is involved in human Tfh reactions. This conclusion is supported by four observations: (1) IL-12Rb1-deficient subjects display a decreased frequency of CXCR5 such a discrepancy could be due to the differences in the subject ages between the 2 studies, because we observed that the reduction of blood CXCR5 1 CD4 1 T cells was particularly profound in IL12Rb1-deficient children. In healthy children, the composition of blood CXCR5
1 CD4 1 T cells rapidly increase during the first 6 months of life and peak at approximately 1 to 2 years of age. 43 This is consistent with the fact that the splenic lymphoid structure matures during the first year. 44 Thus, our data suggest that IL-12Rb1-mediated signaling is also essential to mature the immune system for optimal humoral responses in the early stage of life.
Consistent with decreased CXCR5 substantially lower than that of healthy tonsillar GCs (subject 2), indicating the attenuated GC-like responses. Impaired GC responses likely explain why IL-12Rb1-deficient subjects displayed less memory B cells in blood. It is also possible that the lack of IL-12Rb1-mediated signaling in B cells affect their differentiation and/or survival as well. 45, 46 Alternatively, the lack of IL-12Rb1-mediated signaling might cause a preferential differentiation toward plasma cells to the expense of memory cells, as the signals required for their generation seem distinct. 47, 48 Nonetheless, IL-12Rb1-deficient subjects were shown to generate antibody responses on vaccination or microbial infection. [49] [50] [51] We found that serum IgG levels were higher in IL-12Rb1-deficient subjects than in healthy subjects. These observations show that Ig-producing plasma cells can develop and can undergo class-switching independent of IL-12 or IL-23. Indeed, plasma cells were present in the LNs from IL-12Rb1-deficient subjects, including the sample that did not contain any T and B cell aggregates (subject 3). Thus, Ig-producing plasma cells appear to develop in IL-12Rb1-deficient subjects via an altered GC reaction and/or extrafollicular pathway. T-independent mechanisms might contribute as well. Generation of low-avidity antibodies against TT in IL-12Rb1-deficient subjects supports this hypothesis. However, our study shows that the development of virus-specific antibody responses was almost intact in IL-12Rb1-deficient subjects. First, IL-12Rb1-deficient subjects showed normal or even higher serum virus-specific IgG titers than healthy subjects, including rubella virus, Epstein Barr virus, cytomegalovirus, and varicella virus. Second, the avidities of rubella-specific IgG were similar between IL-12Rb1-deficient subjects and healthy subjects. Such differences in the quality of antibody responses in IL-12Rb1-deficient subjects might depend on the mode of antigen delivery. TT vaccine is composed of tetanus toxin adjuvanted with alum (usually mixed with other toxins from diphtheria and pertussis). In contrast, rubella vaccine is composed of live attenuated virus, which might induce prolonged viral replication and thus antigen retention in IL12Rb1-deficient subjects, due to impaired generation of IFNgproducing specific T cells. Similarly, natural viral infection might cause prolonged viral replication. Such prolonged viral retention might yield GC-like responses sufficient for the selection of highaffinity antibodies. Collectively, these observations show that, although Tfh response is impaired, IL-12Rb1-deficient subjects still can mount normal antiviral antibody responses.
Last, our study also suggests that the IL-12-STAT4 axis plays a role in the function of Tfh cells. IL-12Rb1-deficient CD4 Our study will provide an implication in the design of novel vaccines for infectious diseases. Furthermore, our study suggests that dysregulated IL-12-STAT4 signaling might contribute to the pathogenesis of human autoimmune disease by promoting excessive Tfh and GC response. Blocking this pathway might be beneficial for the prevention and/or treatment of the diseases.
